Abstract-A microstrip circular patch antenna with two shorting pins is proposed as an antenna with reduced surface wave and lateral wave excitation. Theoretical analysis of the cavity modes of the patch lead to a design procedure for the antenna. Simulation results using the IE3D-Zeland software support the theory and verify the reduced surface wave capability. By using four shorting pins instead of two, we demonstrate the possibility of achieving circular polarization with high polarization purity in addition to the reduced surface wave. It is demonstrated that a discrimination against the lateral wave of 30 dB or more is achievable. Applications include design of large patch arrays with reduced coupling and GPS receiving antennas that reduce low angle interfering signals.
INTRODUCTION
One of the major concerns in microstrip antenna design is the excited surface waves. In addition to their contribution to power loss, surface waves cause undesired coupling between components printed on the same substrate, such as the case in patch antenna arrays [1] . Several attempts have been made recently to reduce such coupling [e.g., [2] [3] [4] [5] . Eventually, excited surface waves will be diffracted at the edges of a finite ground, which causes the radiation pattern to be corrupted and deviate from its desired shape. Besides, the presence of surface waves is usually associated with appreciable lateral waves and low angle radiation. This can introduce interfering signals in receiving antennas with broadside patterns such as the case with Global positioning system (GPS) and assisted GPS receiving antennas [6, 7] .
It is well known that a circular patch antenna of radius 'a' operating in the dominant mode TM 110 (TM φρz ) will resonate at a frequency given by: ka = x 11 = 1.8412 (1) where x 11 is the first root of the Bessel function derivative; J 1 (x), and k is the wavenumber in the substrate medium. Meanwhile, it has been shown [8] that, in order to nullify the surface wave, the condition β sw a = 1.8412 must be satisfied, where β sw is the radial wavenumber of the dominant TM 11 surface wave mode. When the dielectric substrate is electrically thin, as is usually the case, this is the only surface wave mode that can propagate and β sw ≈ k 0 ; k 0 being the wavenumber in air. Hence the condition for zero surface waves reduces to:
Obviously, both conditions (1) and (2) cannot be simultaneously satisfied for non-air substrate. If we choose the radius 'a' to satisfy (2), the patch will not be resonant at the required frequency as clear from (1) . So in order to nullify the surface wave and, at the same time have resonance at the specified frequency, some modification of the patch structure is needed. Notable work in this direction is given by Jackson and his team in [9, 10] . The patch is modified to become an annular ring [9] with shorted inner surface and outer open surface of radius 'a' given by (2) . By adjusting the inner shorted radius, the ring can be made to resonate at the same frequency corresponding to (2) . The short circuit is implemented by inserting a very high number of via pins between the patch and the ground. In another design the substrate is modified to have a smaller ε r in an inner circular region of radius c < a [11] . In this paper, we propose a simple design of a circular patch that can significantly reduce surface waves. Namely we consider a circular patch loaded with two shorting pins on a homogeneous grounded substrate as depicted in Fig. 1 . The cavity mode analysis of this patch reveals that the mode which resembles the TM 110 mode on the unloaded patch has a resonant frequency governed by:
The exact value of ka is a function of the pin position and radius. It is thus feasible to satisfy both (2) and (3) when the substrate ε r is chosen properly. The one and two pin loaded circular patch has been treated earlier by one of the authors as a compact [12] , multiband [13] and broadband [14] antenna for wireless applications. In the following section we review the derivation of the cavity modes of the patch in view of the surface wave reduction goal. Based on this study, a design procedure of a reduced surface wave patch antenna is given in Section 3.
Supporting simulation results based on the IE3D package is introduced in Section 4. We then turn attention to the design of an antenna with circular polarization. This calls for a patch with four shorting pins symmetrically placed on the patch. Analysis, design and simulation results are given in Section 5 and followed by concluding remarks.
CAVITY MODES OF A TWO-PIN SHORTED CIRCULAR PATCH
As demonstrated in Fig. 1 , the patch has a radius 'a' and is shorted by two pins each of radius b a and located at (r 0 , φ = +α) and (r 0 , φ = −α) with respect to a cylindrical coordinate system with z axis coinciding with the patch axis. The substrate is of height 'h' and a relative permittivity 'ε r '. According to the cavity model of the patch, the boundary r = a is considered to behave as a magnetic wall. To derive the fields and the resonant frequencies of the normal modes, we start by assuming z-oriented currents I 1,2 exp(jω r t) flowing in the two pins, where ω r is the (so far unknown) modal resonant frequency. For even modes (having E z an even function of φ), we have I 1 = I 2 = I. Conversely, for odd modes, I 1 = −I 2 = I. Due to the smallness of the pins radii, the currents can be considered to be concentrated on the axes of the pins. The current density at r = r 0 can then take the form:
for even and odd modes respectively and χ n = 1 (n ≥ 1) and χ 0 = 1/2. Following [13] , and concentrating on even modes about x-axis, the modal electric field takes, for 0 ≤ r ≤ r 0 , the form:
and for r 0 ≤ r ≤ a,
where J n (.) and Y n (.) are the Bessel functions of first and second kind; the prime denotes differentiation with respect to the argument and k = ω r √ ε r /c, with c the wave velocity in free space. It is noted that E z is readily continuous at r = r 0 , while ∂E z /∂r = 0 at r = a satisfying the boundary condition at the magnetic wall. C n 's are constants to be determined from the discontinuity of H φ = (1/jωµ)∂E z /∂r by the pin currents and are obtained as:
The modal equation for the normalized resonant frequency ka is obtained by imposing the boundary condition of vanishing E z at the pin surface. After some manipulations, involving the addition theorem of the Bessel function [15, Sec. 5.8], we get:
where d is the distance between the two pins. Of particular interest is the aperture E z at r = a which is the source of radiation and surface wave fields. Using (5b) and (6)
where:
The modal Equation (7) is solved numerically for the normalized resonant frequencies (ka) of the modes. The first three modes, in A word about the labeling of these modes is in order. The modes are TM (to z) with no z-variation. The azimuthal variation is not a simple cos or sin(nφ), but rather a weighted sum of harmonics as given by (5) . So a given mode cannot be labeled as TM nm0 as is the case for unloaded circular patch. We will simply label the modes as TM m0 , where m = 0, 1, 2, . . ., thus the modes are TM 00 , TM 10 , TM 20 , . . . , etc. A mode with a given 'm' will have a certain set of coefficients (E n , n = 0, 1, . . .) given by (9) . It turns out that the TM m0 mode has the |E m | as the dominant coefficient, being greater than all other coefficients. This is true, at least, for the first 4 or 5 modes. In the following we shall further drop the subscript '0' (for z-variation) from the TM m0 modes to become simply TM m modes. Fig. 3 . Such results will serve as necessary data for the design of a patch antenna. 
DESIGN OF A REDUCED SURFACE WAVE PATCH ANTENNA
The aperture E field given by (8)- (9) at r = a is equivalent to a ring of magnetic current that excites both space waves and the surface wave mode TM 11 , which is the only excited mode in view of the electrically small thickness of the substrate. The field of this surface wave mode is derived in Appendix A and is given by:
A n J n (β s r)e −γz cos nφ (10)
where β s is the radial wavenumber of the surface wave mode. This formula is a generalization of that derived by Bhattacharyya [8] which is limited to n =1. Now as stated earlier, for the TM 1 mode of the present pin loaded patch, the E 1 term in the aperture field expansion is the dominant over all other E n terms. So, if we choose J 1 (β s a) = 0 (see (11)), a major reduction of the surface wave will be achieved. The residual surface wave power will be excited only by the weak E n terms (with n = 1). This is the same condition required to nullify the surface wave on an unloaded patch, but we can also have the pin loaded patch resonate at the required frequency. Now a design procedure for our proposed patch can be outlined. For a given center frequency of interest, we use the condition of reduced surface wave in Equation (2) to determine the required patch radius a. The next step is to use the numerical results of ka, such as those in Fig. 3 to choose suitable pin positions and radii and the corresponding ka for the TM 1 mode. The corresponding relative permittivity ε r of the substrate is computed as ε r = (ka/k 0 a) 2 . Practical values of ε r can be obtained by proper choice of pin parameters r 0 , b and α.
SIMULATION EXAMPLES
As a numerical example, we consider a patch antenna with pins' positions at (r o = 0.75a, α = ±35 • ) and radii b = 0.03a. From (2), the patch radius is given by a = 1.841λ 0 /2π = 0.293 λ 0 . From Fig. 3 , we get ka = 2.5479, hence ε r = 1.918. Using these data, the IE3D software is used to simulate the 2-pin shorted patch antenna and to plot the reflection loss; S 11 dB versus frequency in Fig. 4(a) . The patch and the substrate are placed on a finite ground plane of 15 cm and the center frequency of the TM 1 mode is taken equal to 1.575 MHz (to simulate the L 1 -band of the GPS) which corresponds to the second minimum of S 11 in Fig. 4(a) (the first minimum corresponds to the TM 0 mode). It is seen that the −10 dB bandwidth is approximately equal to 1.48% of the center frequency. The corresponding simulated gain pattern is plotted in both the E and H planes (φ = 0 and 90 degrees) in Fig. 4(b) . It is clear that the lateral wave level (at θ = 90 • ) is below the broadside radiation (along θ = 0 • ) by 40 dB in the E-plane, which proves the surface wave reduction design. However, the relative lateral wave level jumps to −12 dB in the H-plane (y-z plane). This is attributed to the geometrical asymmetry about the y axis. The onaxis gain of the antenna is equal to 5.29 dB and the antenna efficiency (Prad/Pinput) is 85%. 
CIRCULARLY POLARIZED PATCH ANTENNA WITH RSW
The patch antenna with two shorting pins considered above can produce linearly polarized radiation but is not suitable for circular polarization. This is so since the geometry lacks symmetry about the y-axis (the H-plane). In many applications, such as the GPS, circular polarization is the preferred polarization for combating space propagation effects [16, 17] . To radiate or receive such polarization, we propose a patch antenna with 4 shorting pins as depicted in Fig. 6 . Here we choose α = 45 • in order to get the same symmetry about x and y axes. The patch is fed by two feeds placed at φ = 0 • and 90 • and their currents are in phase quadrature.
To analyze this patch antenna, we follow the same steps as in Section 2 for the 2-pin shorted patch. However, we identify here 4 types of modes according to their even or odd symmetry about the x and y-axes. Namely, for the set of even/even modes, E z is an even function of x and y, for the set of even/odd modes, E z is an even function of x and odd function of y, and similar definition apply to the odd/even and odd/odd sets of modes. The modal equations for the even/even and even/odd sets of modes are derived in Appendix B and are given as: Fig. 8(a) .
The upper/lower labels apply to the even/even modes and the even/odd modes respectively. In (12) , d 1 , d 2 , and d 3 are the distances to the pin at φ = +α from the other three pins. Namely, d 1 = 2r 0 sin α, d 2 = 2r 0 cos α, and d 3 = 2r 0 .
The aperture electric field, apart from a multiplying factor of two, is still given by Equations (8)- (9) except that the sum over n is limited to n = even integers (0, 2, . . .) for the even/even modes and n = odd integers (1, 3, . . .) for the even/odd modes. Thus the TM 1 mode of the even/odd type will be rich in the cos φ armonic and hence will mostly resemble the TM 11 mode of the unloaded circular patch. Therefore this mode is a candidate for reducing surface wave and lateral wave excitation when condition (2) is satisfied. The normalized resonant frequency ka of this mode is obtained by solving the modal Equation (12) for the first even/odd mode. The results are plotted for α = 45 • in Fig. 7 and can be used to design a circularly polarized patch antenna. For example, we choose r 0 /a = 0.7 and b/a = 0.03 to get ka = 2.62, and since k 0 a is forced to satisfy (2), we find that ε r should have the value ε r = 2.02.
We do a simulation of this 4-pin loaded patch at the GPS frequency of 1.575 GHz. The patch is fed by two feeds at r f = 0.43a and φ = 0 and 90 degrees for right circular polarization. The results are given in Figs. 8(a) and (b) . The reflection loss versus frequency ( Fig. 8(a) ) shows that the −10 dB bandwidth is 1.33% for the even/odd mode of interest. The gain patterns of the RHS (Copolar) and LHS (Crosspolar) polarizations in the φ = 0 and 90 • planes (Fig. 8(b) ) shows a crosspolar discrimination better than 27 dB in both planes at the center frequency. The lateral wave is kept at a level of −30 dB relative to the on-axis copolar radiation in both φ = 0 and 90 • planes. Finally, in order to test the sensitivity of the design to change in the frequency, we change the frequency by +2% (1.6 GHz) and find that the increase in the lateral wave level is less than 2 dB (not shown).
CONCLUSIONS
A novel patch antenna with reduced surface wave and reduced lateral wave capability has been introduced. The antenna is composed of a circular patch with two shorting pins on a grounded dielectric substrate. By properly adjusting the patch radius, the pins' positions and the dielectric constant, one can achieve reduced surface wave at a prescribed resonant frequency. The idea is also extended to a 4-pin shorted patch where the pins are located at the angular positions φ = ±45 • and ±135 • . While the 2-pin patch can support only linearly polarized waves, the 4-pin patch supports circularly polarized waves with high polarization purity and maintains the reduced surface wave property.
The cavity modes of the 2-pin and 4-pin shorted circular patch have been derived in detail and universal curves for the normalized resonant frequencies of the modes have been presented. Of particular interest is the mode which resembles the TM 110 mode on unloaded circular patch. Design curves for the mode which resembles the TM 110 mode on the unloaded patch are obtained. This mode can have the reduced surface wave property. The theory and the design procedure are supported by simulation examples obtained by using the IE3D software facility. Simulation results show that a circular polarization is achieved with crosspolar to copolar ratio of −27 dB and 30 dB discrimination against the lateral wave. The results of this work should find applications in design of large patch antenna arrays and in GPS reception where surface waves and lateral waves need to be minimized.
APPENDIX A. APPENDIX AMPLITUDE OF SURFACE WAVE MODE
The aperture field of the patch E z given in (8)- (9) is equivalent to a magnetic current ring mf that may be considered concentrated at the substrate-air interface at z = 0 where
where E n is given by (9) . The surface wave mode excited by this source may be expressed as:
A n e n (r, z) cos nφ,
e n (r, z) = J n (β s r) exp − β 2 s − k 2 0 z ;
where ε r is the relative permittivity of the dielectric layer and k z = ε r k 2 0 − β 2 s , and k 0 = ω √ µ 0 ε 0 is the free space wavenumber.
The magnetic field associated with e n (r, z) is given by h φ,n (r, z) = (jωε/β 2 s ) ∂e n (r, z)/∂r. Now we use the reciprocity theorem [15] 
